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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
The shock tests of set of metals show that together with well-known dynamic strength-characteristics of material such as dynamic 
yielding limit and spall strength, the additional characteristics, namely, threshold of structural instability under shock 
compression, defect of the velocity at the plateau of compressive pulse and particle velocity variance at the mesoscale should be 
introduced into analysis of dynamic strength of materials. The structural instability threshold registered in uniaxial strain 
conditions allows the resistance to penetration in Tate-Alekseevskii equation to be determined.  
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1. Introduction 
On  of act al problems of high-velocity d formation and fracture is thought to be the investigation of the 
processes concerning to shock-induced structural instabilities. Structural transformations in the form of shear bands, 
dynamic rotations, phase transitions and other processes which lead to change of structure of material are the result 
of local instabilities. As a rule, dynamic deformation flows over the numerous channels simultaneously - dislocation 
sliding, twinning, diffusion of point defects, rotational modes, shear bands and so on. Herewith, deposit of each 
mechanism cannot be exactly identified. 
Grady and Asay (1976) developed a model of localization in which the main role is assigned to local thermal 
softening of material. They supposed that joint action of high hydrostatic pressure and shear can lead to increasing 
the temperature in the regions of maximum intensity of plastic flow (for example, in the places of dislocation 
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1. Introduction 
One of actual problems of high-velocity deformation and fr cture is ought to be the investigation of the 
processes concerning to shock-induced structural instab lities. Structural transf rmations in form of shear bands,
dynamic rotations, phase transitions and other processes which lead to change of structure of material are the result
of local ins bilities. A  a ule, dy amic deformation flows over the numerous channels simultaneously - dislocation
sliding, twinn ng, diffusion of point defects, rotational modes, shear bands and so on. Herewith, deposit f each
mechanism cannot be exactly identifie . 
Gr dy and Asay (1976) dev loped a model of localization in which the main role is assigned to local thermal 
softening of material. They supposed that joint acti n of high hydrostatic pressure and shear can lead to increasing
the temperature in the r gions f maximum intensity of plastic flow (for example, in the plac s of disloc t on
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accumulation). This, in turn, results in local decrease of the viscosity and, hence, to decreasing the rise-time of shock 
front. Then the temperature in this region begins to grow because the mechanism of thermo-conductivity has not 
time to remove the energy from the region of heating. This leads to further decrease of viscosity. 
Taylor and Quinney (1937) first indicated on the latent energy remaining in metals after plastic deformation. This 
is consistent with the experimental data reviewed by Bever et. al.(1973). In the case of high-velocity deformation, 
according to experiments of Ravichandran et. al. (2002), only small part of plastic deformation work has time to 
convert into heat, i.e. chaotic motions at the atom-molecular scale level. The overwhelming part of plastic work 
remains in the form of mesoscopic pulsations of velocity fields. As a result, new mesoscopic structures in the form 
of local displacements are nucleated in medium Koskelo et. al .(2007). At high strain rates the inertial effects also 
play the important role intensifying the initial particle velocity non-uniformity. 
In the present work, the results of experimental studying the initial stage of dynamic fracture of metals are 
presented. A set of targets has been subjected to shock tests over the 1mpact velocity range of 100 ÷ 600 m/s. The 
focus is on the effects of loading rate and initial structural state of material on the shock-induced heterogeneity and 
the load-carrying capacities of the material. Increase of structural instability threshold is shown to be the effective 
and well-controlled means for modification of strength-characteristics of constructional material. So, the special 
thermo-mechanical treatment regime of 40KHSNMA armor steel results in increase of instability threshold, which, 
in turn, increased the spall-strength. 
2. Experimental technique and results 
In heterogeneous medium, the shock front is a totality of regions moving with different velocities 
Meshcheryakov et. al. (2008). The motion of shock-wave front can be presented in the form of superposition of two 
modes: averaged motion of approximately plane front and fluctuating motions of separate pieces of shock front due 
to action of random stress fields. In this situation, the effective experimental approach for studying the transient 
dynamic processes in solids seems to be a registration not only the average free surface velocity of target but the 
velocity variance. Qualitative picture of random positions of shock front in the velocity-space coordinates is 
presented in Fig.1. The shock front is seen to include three scale levels: mesoscale-1 with dimension of structural 
element of the order of 1-10 µm, mesoscale-2 with mean size structural element of 50-500 µm and macroscale as 
averaged mesoscale-2 velocities.  
     In the case of multiscale shock-wave structure, the velocity distribution presents not only at the mesoscale-1 
but at the mesoscale-2 as well. The qualitative pattern for three possible velocity configurations of shock front is 
shown in Fig. 1. The shape of shock front is seen to sensitively depend on the values of the velocity variance. 
 
 
Fig. 1. The shape of shock front for three mutual values of the velocity variance. 
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The velocity variance at the mesoscale is responsible for relaxation properties of medium. It can be shown that 
local displacements initiated by the velocity pulsations at the mesoscale-1 are reversible whereas the velocity 
pulsations at the mesocale-2 cause the irreversible displacements. This results in local cracking and fracture of 
material. Thus, if the velocity variance at the mesoscale-1 is greater than that at the mesoscale-2 (position 3 in Fig. 
2), the material has much higher dynamic strength. 
Modern experimental techniques including the well-known interferometric registration of the free surface 
velocity with VISAR, provide an averaged response of target on shock loading. This restricts the abilities of 
experimental investigation of the structural instabilities because these instabilities are nucleated on localized space 
and temporal scales. When averaged, the current information on the shock-induced local structural instability is lost. 
To study the local instabilities, the dimensions of laser spot of interferometric probing the free surface of target must 
be comparable with the average dimension of structural instability itself.  
In the present work, the shock tests of specimens were carried out under uniaxial strain conditions (plane 
collision) by using light gas gun of 37 mm bore diameter. The time resolved free surface velocity profiles has been 
registered with the velocity interferometer, the laser beam of which was focused up to 60-70 μm, so all strength 
characteristics inferred from the velocity profile concerns to mesoscale. In our experiments, the registered time-
resolved velocity profile corresponds to response of unit structural element of mesoscale-2. At the same time, the 
laser spot at the free surface of target contains about hundred structural elements of mesoscale-1, the velocities of 
the elements being chaotically distributed. The experimental technique used allows to registering the velocity 
distribution in the form of the velocity variance (Meshcheryakov and Divakov, 1994)). In this situation, the only 
characteristic which can be estimated on the basis of interferometric registration of the free surface velocity of target 
is the space scale of structural element. This scale is within the limits of λ0 << d << L, where 0  is a wave length 
of laser radiation, and L is a diameter of laser beam. For λ0 ~ 0.6 µm and L ~ 60 µm, the average size of structural 
element equals ~ 6 µm, which corresponds to mesoscale. 
The free surface velocity, Ufs (t), and velocity variance, D, registered for shock loaded 38KHN3MFA steel target 
are shown in Fig 2. In the case of steady shock front, maximum value of the velocity variance coincides with middle 
of plastic front of compressive pulse.  
 
 Fig. 2. Free surafe velocity and velocity variance profiles for 38KHN3MFA steel target loaded at the impact velocity of 375 m/s 
 
The structural instabilities at the mesoscale-2 can be initiated not only in the form of chaotic pulsations of particle 
velocity but also in the form of periodical oscillations. As example, in Fig. 3 the shock front in M3 copper target, 
loaded at the impact velocity of 319.6 m/s is presented. One can see a series of oscillations at the top of shock front, 
their period just corresponds to mesoscale-2.  
Besides the velocity variance, another characteristic registered in our experiments is the so-called velocity defect. 
The value of the velocity defect characterizes an intensity of momentum and energy exchange between scales. In the 
4 A.K. Divakov, Yu.I. Meshcheryakov, N.M. Silnikov/ Structural Integrity Procedia 00 (2016) 000–000 
case of shock-wave experiments, determination of particle velocity defect is grounded on independent registration of 
the free surface velocity, Ufs , on the one hand side, and impact velocity, Uimp, on the another hand side. Under 
symmetrical collision of impactor and target, particle velocity Up is known to be equaled to half of the impact 
velocity, i.e. Up = 0.5 Uimp. On the other hand, when shock wave comes to the free surface of target, the particle 
velocity is known to increase as much as twice. If momentum loss is absent during propagation of compressive 
pulse through the target, the impact velocity equals the free surface velocity, i.e. Uimp = Ufs.. In reality, as shock-
wave experiments show, the latter relationship is not fulfilled because of loss of momentum and energy owing to 
shock-induced heterogenization of inner structure and local fracture of material. Herewith, the velocity defect is 
determined as difference between velocity of impactor and free surface velocity, i.e. ΔUdef = Uimp - Ufs. (see Fig.2).  
 
  
  
Fig. 3. Oscillations as example of plastic deformation instability 
 
Dependence of the velocity defect as a function of impact velocity for D16 aluminum alloy is presented in Fig. 4. 
Below some critical strain rate, the velocity defect demonstrates a very weak dependence on the impact velocity - up 
to impact velocity of 382 m/s, the mean value of velocity defect approximately equals 15 m/s. However, after 
impact velocity of 382 m/s the velocity defect begins to grow very fast reaching the value of 150 m/s at the impact 
velocity of 450 m/s. This impact velocity is shown to correspond to structural transformation in the form of dynamic 
recrystallization, Meshcheryakov et.al.(2013).  
 Аlexandre Divakov et al. / Procedia Structural Integrity 2 (2016) 460–467 463
 A.K. Divakov, Yu.I. Meshcheryakov, N.M. Silnikov/ Structural Integrity Procedia 00 (2016) 000–000  3 
 
The velocity variance at the mesoscale is responsible for relaxation properties of medium. It can be shown that 
local displacements initiated by the velocity pulsations at the mesoscale-1 are reversible whereas the velocity 
pulsations at the mesocale-2 cause the irreversible displacements. This results in local cracking and fracture of 
material. Thus, if the velocity variance at the mesoscale-1 is greater than that at the mesoscale-2 (position 3 in Fig. 
2), the material has much higher dynamic strength. 
Modern experimental techniques including the well-known interferometric registration of the free surface 
velocity with VISAR, provide an averaged response of target on shock loading. This restricts the abilities of 
experimental investigation of the structural instabilities because these instabilities are nucleated on localized space 
and temporal scales. When averaged, the current information on the shock-induced local structural instability is lost. 
To study the local instabilities, the dimensions of laser spot of interferometric probing the free surface of target must 
be comparable with the average dimension of structural instability itself.  
In the present work, the shock tests of specimens were carried out under uniaxial strain conditions (plane 
collision) by using light gas gun of 37 mm bore diameter. The time resolved free surface velocity profiles has been 
registered with the velocity interferometer, the laser beam of which was focused up to 60-70 μm, so all strength 
characteristics inferred from the velocity profile concerns to mesoscale. In our experiments, the registered time-
resolved velocity profile corresponds to response of unit structural element of mesoscale-2. At the same time, the 
laser spot at the free surface of target contains about hundred structural elements of mesoscale-1, the velocities of 
the elements being chaotically distributed. The experimental technique used allows to registering the velocity 
distribution in the form of the velocity variance (Meshcheryakov and Divakov, 1994)). In this situation, the only 
characteristic which can be estimated on the basis of interferometric registration of the free surface velocity of target 
is the space scale of structural element. This scale is within the limits of λ0 << d << L, where 0  is a wave length 
of laser radiation, and L is a diameter of laser beam. For λ0 ~ 0.6 µm and L ~ 60 µm, the average size of structural 
element equals ~ 6 µm, which corresponds to mesoscale. 
The free surface velocity, Ufs (t), and velocity variance, D, registered for shock loaded 38KHN3MFA steel target 
are shown in Fig 2. In the case of steady shock front, maximum value of the velocity variance coincides with middle 
of plastic front of compressive pulse.  
 
 Fig. 2. Free surafe velocity and velocity variance profiles for 38KHN3MFA steel target loaded at the impact velocity of 375 m/s 
 
The structural instabilities at the mesoscale-2 can be initiated not only in the form of chaotic pulsations of particle 
velocity but also in the form of periodical oscillations. As example, in Fig. 3 the shock front in M3 copper target, 
loaded at the impact velocity of 319.6 m/s is presented. One can see a series of oscillations at the top of shock front, 
their period just corresponds to mesoscale-2.  
Besides the velocity variance, another characteristic registered in our experiments is the so-called velocity defect. 
The value of the velocity defect characterizes an intensity of momentum and energy exchange between scales. In the 
4 A.K. Divakov, Yu.I. Meshcheryakov, N.M. Silnikov/ Structural Integrity Procedia 00 (2016) 000–000 
case of shock-wave experiments, determination of particle velocity defect is grounded on independent registration of 
the free surface velocity, Ufs , on the one hand side, and impact velocity, Uimp, on the another hand side. Under 
symmetrical collision of impactor and target, particle velocity Up is known to be equaled to half of the impact 
velocity, i.e. Up = 0.5 Uimp. On the other hand, when shock wave comes to the free surface of target, the particle 
velocity is known to increase as much as twice. If momentum loss is absent during propagation of compressive 
pulse through the target, the impact velocity equals the free surface velocity, i.e. Uimp = Ufs.. In reality, as shock-
wave experiments show, the latter relationship is not fulfilled because of loss of momentum and energy owing to 
shock-induced heterogenization of inner structure and local fracture of material. Herewith, the velocity defect is 
determined as difference between velocity of impactor and free surface velocity, i.e. ΔUdef = Uimp - Ufs. (see Fig.2).  
 
  
  
Fig. 3. Oscillations as example of plastic deformation instability 
 
Dependence of the velocity defect as a function of impact velocity for D16 aluminum alloy is presented in Fig. 4. 
Below some critical strain rate, the velocity defect demonstrates a very weak dependence on the impact velocity - up 
to impact velocity of 382 m/s, the mean value of velocity defect approximately equals 15 m/s. However, after 
impact velocity of 382 m/s the velocity defect begins to grow very fast reaching the value of 150 m/s at the impact 
velocity of 450 m/s. This impact velocity is shown to correspond to structural transformation in the form of dynamic 
recrystallization, Meshcheryakov et.al.(2013).  
464 Аlexandre Divakov et al. / Procedia Structural Integrity 2 (2016) 460–467 A.K. Divakov, Yu.I. Meshcheryakov, N.M. Silnikov/ Structural Integrity Procedia 00 (2016) 000–000  5 
  
Fig. 4. Velocity defect versus impact velocity in D16 aluminum alloy. 
 
Small value of the velocity defect corresponds to large value of the instability threshold. At the same time, the 
large value of instability threshold provides the high strength-characteristics of material to be achieved. Thus, the 
value of instability threshold is the critical strength-characteristic for the material. 
 
Fig. 5. Free surface velocity profiles for 30KHN4M steel targets loaded at the impact velocity of 320 m/s (1) tempering at 2500 С; (2) 
tempering at 450 0 С. 
 
The value of the velocity defect depends both on the initial structural state of material and on the strain rate. 
Effect of initial state of structure on the response of material on impact can be seen in Fig.5. In this figure, the 
temporal profiles of the free surface velocity for two 5 mm 30KHN4M steel targets are presented. The targets of 
identical chemical composition were subjected to different thermo-mechanical treatment. The first kind of steel (1) 
suffered a standard thermo-mechanical treatment (tempering at the 2500 С). The second kind of steel (2) has been 
subjected to thermal treatment at 4500 С. Both targets were shocked at the identical impact velocity of 320 m/s. In 
the first case, the velocity defect is seen to equal 10 m/s, whereas in the second case it equals 160 m/s. These 
experiments show that initial state of structure of material influences on the instability threshold.  
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Fig. 6.  Fringe signal (1) and time-resolved velocity profile (2) for AMg-6 aluminum alloy target loaded at the impact velocity of 178 m/s. 
 
 
Fig. 7. Fringe signal (1) and time-resolved velocity profile (2) for AMg-6 aluminum alloy target loaded at the impact velocity of 187 m/s. 
 
Effect of strain rate on initiating the structural transition is seen in Figs. 6 and 7 where the compressive pulses for 
AMg-6 aluminum are presented. In Fig. 6 the peak value of the free surface velocity at the plateau of compressive 
pulse coincides with the impact velocity of 178 m/s. This situation is in accordance with the free surface 
approximation principle of doubling the particle velocity at the free surface of target. In Fig. 7 instead of expected 
free surface velocity of 187 m/s, the registered with the interferometer free surface velocity turned out to be equals 
116 m/s (the break at the fringe signal is indicated by symbol A). Thus, increase of impact velocity from 178 m/s to 
187 m/s leads to initiating the instability. Herewith, the velocity defect increases up to 74 m/s, which evidences that 
great part of kinetic energy goes on the structure formation inside the target. 
Increase of structural instability threshold is thought to be the effective and well controlled mean for improving 
the dynamic strength of material. Similar modification has been performed for 40KHSNMA armor steel. Two 
different dependencies for peak value of the free surface velocity as a function of impact velocity are presented in 
Fig. 8. In the steel of initial state (Fig. 8a) the structural instability happens at the impact velocity of 310 m/s. The 
special thermo-mechanical treatment results in disappearance of structural instability, which increased the spall 
strength of material. Normal stress at which the irreversible structural transition occurs can be considered as 
independent strength-characteristic of material. This strength-characteristic defines the instability threshold under 
dynamic compression and can be used for calculation of the penetration depth in ballistic tests. The latter is known 
to be determined on the basis of modified Bernoulli equation, the so-called Tate-Alekseevski equation (1977): 
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b) 
Fig. 8. Dependence of peak free surface velocity on impact velocity for 40KHSNMA steel in initial state (a) and after modification (b). 
 
0.5ρ1(V – u)2 + Y = 0.5 ρ2u2 + R.                                                                                                                          (1) 
 
Here u is the particle velocity in a material of target, V is the impact velocity, Y and R are the empirical constants 
defining a dynamic strength of penetrator and target materials, respectively. The parameters Y and R take into 
account a deviation in behavior of material from the hydrodynamic model of penetration. Parameter R is often 
identified with the dynamic hardness HD of material which connected with the dynamic yielding limit YD by the 
following correlation dependence  
 
HD = (3-3.5) YD.                                                                                                                                                   (2) 
 
The dynamic yielding limit, in turn, is determined by the Hugoniot elastic limit: 
 
YD = σHEL (1-2ν)/(1- ν),                                                                                                                                         (3) 
 
where ν is the Poisson coefficient. The strength-component of resistance to penetration, as complementary factor for 
the inertial forces, is determined by the resistance to plastic deformation. Analysis of shock-wave processes during 
the penetration shows that inside the target, at the so-called stagnation point (critical point of plastic flow in vicinity 
of penetrator head), the uniaxial strain conditions are realized. As distinct from the high-velocity penetration tests, 
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the shock-wave tests under uniaxial strain conditions are sufficiently informative. For example, as shown above, the 
instability threshold stress can be precisely determined. In this situation, the results obtained in planar collision 
experiments can be taken as strength-component of resistance of target to penetration R: 
 
R = σinst = 0.5 ρ Cpl Uinst,                                                                                                                                       (4) 
 
where Cpl is а velocity of plastic front in uniaxial strain tests and Uinst is the particle velocity corresponding to loss of 
structural stability under compression. The results of calculations of R for set of constructional materials are 
provided in Table 1. The values of R determined by using the Tate’s procedure with Eqs (2) - (3) and dynamic 
instability threshold σinst obtained under planar tests with Eq (4) are seen to be practically identical. This means that 
strength-component of resistance of material to high-velocity penetration has a concrete physical meaning – its 
value is determined by the structural instability threshold of material under uniaxial strain conditions. Furthermore, 
the structural instability under shock compression is initiated only in the case when particle velocity dispersion at 
the mesoscale-1 as a mean for relaxation of internal stresses, is entirely exhausted. At that moment, the relaxation of 
stresses at higher scale level, mesoscale-2 (50-500 µm) is initiated. This occurs in different manner depending on the 
kind of material - brittle or ductile. 
 
Table 1. Comparison of strength-component of resistance to high-velocity penetration R and instability threshold σinst for 
three kinds of constructional materials 
 
Material σHEL , GPa R (Tate), GPa Cpl, mm/µs Uinst, m/s σinst, GPa 
D16 Al alloy 40 0.6 5.35 80 0.58 
M2 copper 5 2.44 4.38 132 2.54 
38KHN3MFA 75 4.01 5.0 210 3.96 
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